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Supplementary Information
Section S1. Temporal and spatial concentration distribution within the cell culture chambers In this section, we describe the temporal and spatial concentration variations inside culture chambers, especially during ligand loading. Simulations in Fig. 1C shows that the concentration variations in the culture chambers are negligible during feeding/stimulation mode, and the steady-state concentration at the bottom of the culture chamber is stable and homogenous in both space and time ( Fig. 1C and fig. S1 , video S1 and S2). Diffusion is very efficient at the scale of our culture chambers (~100 m), in which a steady state can be reached within few minutes. As such, delivery of nutrients and ligands is much faster compared to signaling events relevant to neural stem cell (NSC) differentiation, which typically take days.
The spatial and temporal concentration profiles are now characterized at various points within the chamber using the green fluorescent protein (GFP) as tracer ( fig. S1 ). Notably, cells are cultured at bottom left corner of the culture well (Point 3), and the buffer layer (Point 1) is only used to load culture media. Point 2 is right above the cells. When a new signaling ligand is loaded into the chamber via point 1; the valves are closed, and then the ligand is transported to point 2 and then point 3 via diffusion. During our feeding/stimulation cycle, the concentration at point 2 (above cultured cells) is nearly unchanged during medium exchange with 1 mm/sec input flow rate, which is the value typically used in our experiments. This experimental result agrees well with our original numerical simulation results (Fig. 1C, video S1 and S2) . When all the valves are closed (i.e. medium exchange completed), signaling molecules and chemical stimuli diffuse to the bottom of culture chamber (Point 1) until an equilibrium is reached after 10 min ( fig.   S1D and S1E). Note that this timescale is much faster than the NSC processes we investigated here, which typically take one-to-few days to show sufficient changes in Hes5 expression or cell proliferation. We therefore confirm that the temporal variations of signaling molecules are negligible within our culture chambers for the study of neural stem cells (NSCs) and other systems with similar time scales. Furthermore, the spatial distribution of molecules is homogenous after the steady state has been reached, i.e. there are no spatial gradients in the culture chambers ( fig. S1D ). inlet, and gradually diffuse to culture compartment after 6 min. Near-equilibrium is reached after approximately 7 min, and the spatial distribution of molecules becomes homogenous across the culture chamber. (E) After ~15 min, the concentrations are completely stabilized at all 3 points. (F) Sinusoidal wave generation shows that previous ligands can be completely removed within 1 minute from the culture chambers. A sinusoidal wave is generated by real-time mixing of GFP-fluorescence solution and DI water. In the upper panel, the fluorescence intensity in the cell culture chamber is plotted against time. In the lower panel, montage of snapshot images of the culture chamber during real-time medium exchange is shown. The media has been completely cleared from the culture chamber within 1 minute. (G) Signal induced variations in NSC cell count, Hes5-GFP and Dcx-RFP expression are plotted as bars indicating their intensities and values relative to the control experiments after 6 days of stimulation. The outcome of 2,400 experiments shows NSC cell counts, Hes5 and Dcx level after 6 days of culture. NSC monolayer cell shows greater variation in all 3 categories as compared to neurospheres and 3D culture. (H) Fluorescence images of neurospheres and aggregates in 3D hydrogel after 6 days of stimulation with combination of all 6 ligands, Jagged, DLL, EGF, PACAP, CXCL, PDGF.
In order to diminish shear and to maintain a stable culture environment during medium exchange, we designed our chip so that fluid can be directed through a buffering layer and not directly over cells (Fig. 1C) . Therefore, there is a quiescent zone at the bottom of the well, and residues can indeed remain if the chamber is not sufficiently flushed during media exchange cycles. We note that each condition in our culture wells are maintained by repeatedly refilling the chamber with fresh media and stimulation ligands every 5 min to 1 hour. Based on numerical simulation, each flushing cycle removes 80% of the original solution when 1mm/sec input flow rate is used (Fig. 1C) . Each chamber is flushed for at least 20 times during one day of culture. As a result, the concentration of any previously used molecules goes down to 0.8% of the initial concentration after 3 cycles and ultimately to ~10 -10 times after 20 cycles.
To further investigate this point, we generated a sinusoidal wave signal in the culture chamber to simulate cyclical media exchange ( fig. S1F) Such limited transport is a common property of many 3D culture modalities such as cell aggregates and organoids. Nevertheless, 3D cell culture continues to attract significant attention due to its promise in mimicking tissue-like organization.
In detail, we observed that Dcx-high and Hes5-high cells self-organize into layered structures during neurosphere formation ( fig. S4A to S4C ). Dcx-high cells tend to stay at the periphery of the neurosphere. GFP-high cells form a densely packed inner-sphere. As a result, the Dcx-high cells are rapidly exposed to the stimuli, and Hes5-high ones at the core take longer time to respond to the ligands due to transport effects. This finding is also supported by the size dependence of neurospheres response to combinatorial stimulation with all 6 ligands. When the initial sphere size is small, Hes5 positive NSCs tend to die and overall Hes5 level decreases in the neurosphere, which is consistent with the response of NSCs in monolayer culture ( Fig. 2E and fig. S4D ). But, when sphere size is large enough, neurospheres continue to grow and Hes5 level remains high, similar to control experiments (Fig. 2) . This shows that when neurosphere size is large, the cells at the core are better protected from environmental stimuli, and thus less responsive to dynamic stimulations.
Consistent with our observation on NSC cultures in monolayer, PDGF promotes Hes5 expression and proliferation in neurospheres ( fig. S4E ). However, observable transition in neurospheres happens later than monolayer cultures, only after stimulation for 2 days or more, possibly due to reduced transport of ligands to NSCs cells at the core of neurospheres. Due to such effect, we have focused on analyzing data collected from monolayer cell culture in our experiment rather than from neurospheres. We found that within 10 hours culture on chip, NSC sphere rotated and showed a layered structure with Hes5-positive cells in the core and Dcx-positive ones at the outer layer. Scale bar in all images denote 40 um. (D) Timecourse images of NSC spheres exposed to the combination of all 6 ligands in our chip indicate different ligand transport due to size differences. In the upper panel, we observe that when the sphere size is small (i.e. more efficient transport), Hes5 expression level decreased dramatically and the neurospheres progress towards differentiation, which is the expected behavior in response to exposure to all 6 ligands. In the lower panel, larger NSC spheres showed higher Hes5 levels at all time points, indicating limited exposure to the ligands due to limited transport effects. Scale bar is 40 μm. (E) Development of NSC sphere exposed to PDGF stimulation. We observe that PDGF promote NSC sphere S5A ) and show that the replacement of a single ligand in a combinatorial input can completely change the direction that NSCs will take, verifying one of the most interesting findings from our study.
Sequential stimulation experiments:
The input sequence 'DLL>>EGF>>PDGF>>CXCL>>Jagged>>PACAP' promotes NSC proliferation and Hes5 expression in well plates ( fig. S5D and S5E ). Positioning EGF on the 6th day, instead of 2nd day, reverses the effect of the input sequence on NSC proliferation, and diminishes the original enhancement on Hes5 expression. The same effect of different sequences was also observed on microfluidic chip experiments ( fig. S5A, S5D and S5E) .
Overall, we demonstrate that our findings obtained from microfluidic experiments can be qualitatively reproduced using standard cell culture methods using the well plate.
Section S6. Extended discussion of high-throughput combinatorial and sequential input studies
The microfluidic screening performed in our study are aimed at in-vitro recapitulation of the in-vivo signaling dynamics we recently measured during mouse brain development. As discussed above, our RNA-seq data from Hes5::GFP transgenic mice showed that during brain development, microenvironment housing NSC (niche) is highly dynamic.
Composition of surrounding molecules (types and concentrations) is constantly changing, which we now believe play important roles in modulating cellular behavior. To get insights into effect of dynamic environmental conditions during biological processes (e.g. cerebral development, immune response), we develop a high throughput and biologically robust platform enabling systematic dissection of such processes in longitudinal cell culture experiments. Our study is aimed at direclty recapitulating the in-vivo measured dynamic signaling events by testing the effect of the same highly dynamic signaling molecules on NSC cell fate in a microfluidic format.
In this study, we demonstrate the importance of the environmental context and signal timing in NSC differentiation ( Fig. 3 and 4) . delivering EGF on day 2 led to high Hes5 expression levels and unchanged cell numbers indicating maintenance of the stem cell pool, whereas moving the application of EGF to day 6 led to a significant reduction in Hes5 expression indicative of differentiation. The data suggests that there exist an optimal route of signal input sequence leading to NSC self-renewal, Jagged (day1) >> EGF (day2) >> CXCL (day4). increasing the number of ligands) generally suppressed NSC proliferation, however, reducing the input complexity seems to enhanced the stem cell pool.
Based on such reasoning and experimental design, we found that stem cell fate decision is highly dynamic depending on changing environmental conditions, and the effect of each participating ligand is often context-dependent, both in space and time. Our study emphasizes the needs to take systematic approach while studying early cerebral development, and an enabling platform (like our microfluidic system).
Section S7. Hes5 expression as a valid marker for NSC stemness
We and others have shown extensively that Hes5 expression strongly correlates with NSC potential (12, 16, (21) (22) (23) (24) . In the developing cerebral cortex, Hes5 is restricted to the NSCs and represses neurogenesis through its repression of proneural gene expression.
Hence, at the time points analyzed Hes5 expression is restricted to NSCs. In addition, although it could be envisaged that activating Notch signaling could result in Hes5 expression even in non-NSC cells, this seems not to happen at this developmental time point. Clearly the repression of proneural gene expression by Hes5 and the requirement of the proneural transcription factors for neurogenic differentiation partially explains why Hes5 positive cells do not express neuronal differentiation genes including Dcx.
Conversely, some glia of the postnatal brain do express Hes5 and which potentially reflects active Notch signaling. In our analysis and at the time-points we analyzed the activity of Hes5 correlates with NSCs and their proliferative activity. We cannot formally exclude that prolonged exposure of the cells to Notch ligands in combination with other factors including EGF and PDGFa will not result in subsequent gliogenic differentiation.
This would be interesting to analyze in detail in the future with our microfluidic system.
In fig. S6G , we show that Hes5-GFP and Dcx-dsRed are exclusive using samples from embryonic brains at E13.5 and E15.5. (12, 16, (21) (22) (23) (24) . In addition, we have shown in the past that Hes5-GFP expression correlates better with the expression of other NSC markers such as Hes1, and that its expression is more restricted to NSCs than other markers in the developing dorsal cerebral cortex including Sox2 and Pax6 for example. In fig. S6G , we show that Hes5
and Dcx can reflect NSCs self-renewal and differentiation during early embryonic days.
Sphere formation is one of the key features for stemness (25, 26) . S6B ), or a sphere with no obvious increase in size ( fig. S6C ), which further supports
Hes5's role as a marker for self-renewal.
Section S8. Immunostaining on chip and determining NSC phenotypes
We performed experiments on our microfluidic platform with immunostaining of PAX6 fig. S5F to S5I ). This is expected, because unlike hematopoietic stem cells (HSCs), whose morphological transition during differentiation is not only fast but also easily distinguishable, NSC differentiation takes longer time and is highly dynamic. We also found that NSCs exposed to different combinatorial inputs show distinct morphological characters ( fig.   S6D to S6F), and the changes happen in a highly dynamical fashion.
Section S9. Statistical analysis of combinatorial and sequential results
A detailed description about the methodology of statistical analysis and multiple-test correction can be referred to section 1.5 above. In statistical analysis, we now calculate the median absolute deviation estimated via Hodge-Lehmann method to show the response variances of the conditions tested in our study.
First of all, it is worth to emphasize the difference between two experimental settings:
combinatorial input experiments (the same ligand mixture condition are held for 6 days) Fig. 2C and D) . However, as merely 3 out of ~ 50 cells distinguish themselves from the rest of the colony, our conclusion on PDGF effect is not affected or perturbed by such heterogeneity. Our study also reveals that PDGF helps to maintain NSC homogeneity at high doses (Fig. 2E ). Tables S1, S2 and Movies S1 to S5 
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